Introduction
While individual brain nuclei are involved in feeding behavior, how these nuclei integrate to regulate food intake is not clear. Both the lateral hypothalamus (LH) and the nucleus accumbens shell (AcbSh) are well established for their role in feeding, and evidence suggests a cross talk between these regions is important for food intake (Kelley, 2004; Georgescu et al., 2005) . Both regions express a number of neuropeptides and neuropeptide receptors that could mediate hypothalamic-AcbSh communication, but their specific roles, and cellular mechanisms of action require further investigation.
Melanin-concentrating hormone (MCH) is a 19 amino acid cyclic peptide produced in the lateral regions of the hypothalamus and is a key regulator of food intake and metabolism (Skofitsch et al., 1985; Vaughan et al., 1989; Bittencourt et al., 1992) . Both pharmacological and genetic studies suggest a key role for MCH in food intake (Qu et al., 1996; Rossi et al., 1997; Shimada et al., 1998; Ludwig et al., 2001; Della-Zuana et al., 2002; Gomori et al., 2003; Ito et al., 2003; Shearman et al., 2003; Mashiko et al., 2005) . Consistent with a physiological role in fasting responses, MCH mRNA is upregulated by fasting or leptin deficiency, which can be reversed by leptin treatment .
MCH-expressing axons and MCHR1 are found in many brain nuclei, but they are notably concentrated in limbic regions important for motivated behaviors (Skofitsch et al., 1985; Bittencourt et al., 1992; Hervieu et al., 2000) . Specifically, MCHR1 is highly expressed in medium spiny neurons (MSNs) of the AcbSh, a subdivision of the nucleus accumbens (Saito et al., 2001; Georgescu et al., 2005) . The nucleus accumbens is implicated in mediating the reinforcing properties of food, sex, and drugs of abuse (Robbins and Everitt, 1996; Cardinal et al., 2002; Kelley and Berridge, 2002) and plays an important role in mood regulation (Berton and Nestler, 2006) . We have previously shown that MCH delivery to the AcbSh, but not the nucleus accumbens core, increases food intake and MCHR1 antagonist in the AcbSh reduces feeding (Georgescu et al., 2005) .
The orexigenic (pro-feeding) effects of intra-AcbSh MCH resemble the feeding response following AcbSh infusions of either an AMPA receptor antagonist (Maldonado-Irizarry et al., 1995; Stratford et al., 1998) or GABA receptor agonists Kelley, 1997, 1999; Reynolds and Berridge, 2001) , suggesting that an overall reduction in AcbSh neuronal activity can drive feeding. In support of this idea, analysis of neuronal firing in the AcbSh during operant behaviors for palatable substances reveals reduced action potential firing in a majority of neurons (Taha and Fields, 2006) .
The present experiments aim to better define the biochemical and cellular consequences of MCH action in the AcbSh. Since reduced neuronal excitability in the AcbSh occurs with feeding and other appetitive behaviors and MCH drives feeding in this structure, it was hypothesized that the feeding peptide MCH acts to reduce neuronal excitability in the AcbSh. The following data provide biochemical and cellular mechanisms for how hypothalamic-limbic integration controls the drive to feed.
Materials and Methods
Animals. The described procedures were in adherence to protocols approved by the Institutional Animal Care and Use Committee of Yale University or the John B. Pierce Laboratory. Experiments were performed using male Sprague Dawley rats from Charles River Laboratories, or with MCH knock-out (KO) (Shimada et al., 1998) and MCHoverexpressing (OE) (Ludwig et al., 2001 ) mouse lines. In vivo recordings were conducted in male Long-Evans rats from Harlan. Weights and ages are specified in each section.
Slice preparations for biochemistry. Sprague Dawley rats, 3.5-5 weeks of age (90 -140 g) were rapidly decapitated and brains removed. Brains were transferred to a 20% sucrose slurry (in oxygenated (95% O 2 /5% CO 2 ) artificial CSF (aCSF): NaCl 124 mM, KCl 4 mM, NaHCO 3 26 mM, D-glucose 10 mM, CaCl 2 1.5 mM, MgSO 4 1.5 mM, and KH 2 PO 4 1.25 mM, pH 7.5) and allowed to harden for 30 s to 1 min. Brains were coronally blocked at the level of the hypothalamus and superglued to a vibratome stage (Vibratome). Brains were cut in ice-cold, oxygenated sucrose-aCSF into 350 m slices. AcbSh was rapidly dissected in ice-cold, oxygenated aCSF and transferred to room temperature aCSF. Slices were slowly equilibrated to 30°C for 1 h and transferred to 5 ml round-bottom tubes with fresh 30°C aCSF plus vehicle (water), 10 M MCH (Anaspec), 50 M MCHR1 antagonist (PMC-3881-PI, Peptides International), or 10 M MCH and 50 M MCHR1 antagonist. We have used this antagonist (Bednarek et al., 2002) in previous behavioral and biochemical studies (Georgescu et al., 2005) . With the exception of time course experiments, MCH treatments lasted for 30 min. For phospholipase C (PLC) inhibitor experiments, slices were preincubated for 15 min in U73122 (15 M) (Tocris Bioscience) or aCSF containing vehicle (DMSO) followed by 30 min with DMSO, U73122, or U73122 combined with MCH in fresh 30°C aCSF. For D1R agonist treatments, aCSF was replaced with fresh 30°C aCSF containing 10 M of the D1R agonist SKF 81297 (Sigma) or vehicle for 5 min.
Western blotting procedure and antibodies. Immediately before sonication of slices, 50 l of boiling 1% SDS [2% SDS for bis(sulfosuccinimidyl) suberate (BS 3 ) cross-linking studies] including protease and phosphatase inhibitor cocktails 1 and 2 was added to each tube (Sigma). Following sonication, lysate was boiled for 10 min, with the exception of BS 3 -treated tissue. Protein was quantified using a Bio-Rad Laboratories DC assay, and 15 g of protein (20 g for BS 3 , MCH-KO, and MCH-OE experiments) was loaded on an Invitrogen Bis-Tris Midi or Mini gel (4 -12%) following the provided instructions. For MCH-KO and MCH-OE experiments, Western blots were performed using the Bio-Rad Laboratories Protean II XL apparatus and 8% Tris-HCl gels. BS 3 samples were run using 4 -12% precast gels or poured 7.5% Tris-HCl gels.
For GluR1 protein detection, membranes were first blotted with the phospho-antibodies at 1:500 (rabbit polyclonal, GluR1 Ser 845 and Ser
831
antibodies from PhosphoSolutions). Afterward, membranes were stripped and blotted with a total GluR1 antibody (rabbit polyclonal, 1:1000, Abcam). GluR2 antibody was used at 1:1000 (rabbit polyclonal, Abcam). Dopamine-and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32) antibodies were a generous gift from Dr. Angus Nairn, Yale University, New Haven, CT. Rabbit ␣-threonine 34 (Thr 34 ) (1:1000) and mouse ␣-DARPP-32 (1:10,000) were coincubated. For detection of cAMP response element-binding protein (CREB), mouse ␣-serine 133 (Ser 133 ) antibody (1:1000, Millipore) was coincubated with rabbit ␣-CREB antibody (1:500, Cell Signaling Technology). Mitogen-activated protein kinase (MAPK or ERK2) levels were detected by coincubation with a rabbit ␣-tyrosine 202/204 (Tyr 202/204 ) (Cell Signaling Technologies) antibody and a mouse ␣-pan-MAPK antibody (1:5000, BD Biosciences). Following overnight incubation at 4°C, blots were incubated in Alexa-conjugated secondary antibodies for 1 h at 4°C (1:5000, Invitrogen and/or Rockland Immunochemicals). Blots were scanned and quantified using a LiCor Odyssey scanner and fluorescent images were converted to grayscale for publication.
Cannulations for in vivo pharmacology and biochemistry. Sprague Dawley rats (ϳ9 weeks, 300 -350 g) were anesthetized and cannulated with double-barreled cannulae aimed at the AcbSh using coordinates and procedures previously described (Georgescu et al., 2005) . After 1 week of recovery, animals were handled for 5 d, and then infused (two animals at a time, one for each treatment) with drug or vehicle (1 g for both MCH and MCHR1 antagonist, dissolved in aCSF composed of NaCl 147 mM, CaCl 2 1.3 mM, MgCl 2 0.9 mM, KCl 4.0 mM). Thirty minutes following infusion, animals were decapitated and brains were rapidly removed, frozen on dry ice, and stored at Ϫ80°C. Frozen brains were cut on a cryostat at 250 m and the AcbSh was microdissected (while frozen) for tissue processing and Western blotting. Given the occasional asymmetry of injection sites, each side was considered an individual treatment. Tissue was kept at Ϫ80°C until processing.
In vivo pertussis toxin injections. Sprague Dawley rats between 3.5 and 5 weeks of age (90 -130 g) were anesthetized with pentobarbital (5 mg/ kg) and mounted on a stereotaxic apparatus. Coordinates are as follows: 10°angle, ϩ1.4 cm AP, ϩ2.0 ML, Ϫ6.3 DV. One side was infused with 1.5 g of pertussis toxin (PTX, in 0.5 l of 1ϫ PBS) and the other with 1ϫ PBS vehicle. Animals were allowed to recover in their home cage for 16 -24 h before the experiment. Brains were treated as described above in Slice preparations for biochemistry. BS 3 cross-linking procedure. BS 3 (Thermo Fisher Scientific) is a membrane-impermeable cross-linking agent. Cross-linked proteins run at a higher molecular weight on an SDS-PAGE gel, thus allowing the distinction between surface and intracellular protein populations. AcbSh slices were prepared from Sprague Dawley rats between 4 and 5 weeks old (ϳ120 -140 g). After incubation with MCH or vehicle, 2-3 slices per animal were combined and treated as previously described (Boudreau and Wolf, 2005) with BS 3 , although the tissue was cross-linked for 45 min instead of 30 min. After sonication, tissue was briefly centrifuged, aliquoted, and frozen at Ϫ80°C until quantitation and Western blotting. The ratio of surface to internal GluR1 signal is reported here.
Slice preparation for electrophysiology. Rats 3.5-5 weeks old were anesthetized with chloral hydrate (400 mg/kg, i.p.). Following decapitation, the brains were removed rapidly and placed in aCSF in which sucrose (252 mM) was substituted for NaCl (sucrose-aCSF) to prevent cell swelling. A block of tissue containing nucleus accumbens was isolated and coronal slices (300 m) were cut in sucrose-aCSF with an oscillatingblade tissue slicer (VT1000S, Leica Microsystems). A slice containing the AcbSh was transferred to the stage of a submerged recording chamber and secured by a fine mesh attached to a platinum wire frame and perfused with oxygenated, standard aCSF at room temperature. After placement of the slice, the bath temperature was raised to 32°C. Known concentrations of drugs dissolved in aCSF, applied through a stopcock arrangement at a fast flow rate (ϳ4 ml/min), reached the slice within 7-10 s. The standard aCSF (pHϳ7.35) was equilibrated with 95% O 2 /5% CO 2 and contained the following: NaCl, 128 mM; KCl, 3 mM; CaCl 2 , 2 mM; MgSO 4 , 2 mM; NaHCO 3 , 24 mM; NaH 2 PO 4 , 1.25 mM, D-glucose, 10 mM. A recovery period of 1-2 h was allowed before recording.
Slice electrophysiology. MSNs were visualized using an Olympus BX50WI (40ϫ or 60ϫ IR lens) with infrared differential interference contrast (IR/DIC) video microscopy (Olympus). Low-resistance patch pipettes (3-5 M⍀) were pulled from patch-clamp glass tubing (Warner Instruments) using a Flaming-Brown Horizontal Puller (Model P-97, Sutter Instruments). The pipettes were filled with the following solution: 115 mM K gluconate, 5 mM KCl, 2 mM MgCl 2 , 2 mM Mg-ATP, 2 mM Na 2 ATP, 10 mM Na 2 -phosphocreatine, 0.4 mM Na 2 GTP, 10 mM HEPES, pH 7.33. For cell labeling experiments, pipettes were tip-filled with the above solution and backfilled with Neurobiotin-containing solution (0.3%, Vector Laboratories).
Whole-cell recordings were performed with an Axoclamp-2B amplifier (Molecular Devices). The output signal was low-pass filtered at 3 kHz, amplified 100ϫ though Cyberamp, digitized at 15 kHz, and acquired using pClamp 9.2/Digidata 1320 software (Molecular Devices). Series resistance, monitored throughout the experiment, was normally between 4 and 8 M⍀. To minimize series resistance errors, cells were discarded if series resistance rose above 10 M⍀. Postsynaptic currents were studied in the continuous single-electrode voltage-clamp mode; cells were usually clamped near their resting potential to minimize holding currents. Ramp experiments were also performed as previously described , but were held at a potential of Ϫ65 mV with ramping to Ϫ125 mV. For currentevoked spike firing experiments, under these conditions the reversal potential for K ϩ was approximately Ϫ90 mV.
In vivo electrophysiology. Two well habituated Long-Evans rats (aged 3-4 months, ϳ350 g) were implanted with cannulae (Plastics One) and arrays of microwire electrodes (NB Labs) using aseptic stereotaxic methods described in detail previously (Narayanan et al., 2006) . The arrays consisted of eight Tefloncoated, 50 m stainless steel wires arranged in a 3 ϫ 3 ϫ 2 configuration, with each electrode spaced by ϳ200 m. The in vitro impedance of the electrodes was 100 -300 k⍀. Anesthesia was initiated with ϳ4% halothane and intraperitoneal injections of ketamine (100 mg/kg) and diazepam (10 mg/kg). A surgical level of anesthesia was maintained over the course of surgery with supplements (30 mg /kg) of ketamine every 45-60 min. The skull was leveled between bregma and lambda and a single craniotomy was performed over the ventral striatum. A single array of microwire electrodes was placed at AP: ϩ1.6, ML: Ϯ0.7, DV: Ϫ7.2 (coordinates from bregma). A single infusion cannula was then placed at AP: ϩ1.6, ML: Ϯ4.0, DV: Ϫ8.0 (coordinates from bregma and using an angle of 25°in the frontal plane). Craniotomies were sealed with cyanoacrylate ("SloZap," Pacer Technologies) accelerated by "ZipKicker" (Pacer Technologies), and methyl methacrylate (i.e., dental cement; AM Systems).
After a recovery period of 7 d, animals were acclimated to recording procedures (i.e., headsets and cables were attached to the implants) for 1 d. Then, drug infusions were performed according to methods described in detail previously (Narayanan et al., 2006) . Animals were lightly anesthetized with halothane via a nosecone for 1 min, and recording headstages were plugged in. After initial recording, data acquisition was paused, animals were held and infused with either aCSF (NaCl 147 mM, CaCl 2 1.3 mM, MgCl 2 0.9 mM, KCl 4.0 mM), MCH (1 g), or fluorophore-conjugated muscimol (FCM) (Narayanan et al., 2006; Allen et al., 2008) (Invitrogen) at a concentration of 0.1 mg/ml. Infusions were made with 33 gauge cannula (Plastics One) that protruded 0.2 mm from the tip of the guide cannulae. Injectors were inserted into the guide cannulae and 0.5 l of infusion fluid was delivered per site at a rate of 0.25 l/min via a syringe infusion pump (KDS Scientific). Fluid was infused via 0.38-mm-diameter polyethylene tubing (Intramedic) that connected the injector to a 10 l Hamilton syringe (Hamilton). Injections were confirmed by monitoring movement of fluid in the tubing via a small air bubble. After injection was complete, the injector was left in place for 2 min to allow for diffusion.
Infusions took place between 4:00 and 5:00 P.M. Recording data were collected for 1 h after infusions. Immediately before and after infusions, animals were allowed to freely move in a Plexiglas cage housed in a custom-made Faraday cage while neural data were collected.
Neural ensemble recordings were made using a Many Neuron Acquisition Program (Plexon). Putative single neural units were identified on-line using an oscilloscope and an audio monitor. The Plexon off-line sorter was used to analyze the signals off-line and to remove artifacts due to cable noise and behavioral devices (pump, click stimulus). Principal component analysis (PCA) and waveform shape were used for spike sorting. Single units were identified as having (1) consistent waveform shape, (2) separable clusters in PCA space, (3) average amplitude estimated at least three times larger than background activity, and (4) a consistent refractory period of at least 2 ms in interspike interval histograms. Those units identified on-line as potential single units that did not meet these criteria off-line were not included in this analysis. Graphical exploratory analysis of neural activity and quantitative analysis of basic firing properties (firing rate, interspike intervals, burst rate, surprise entropy) were performed using Stranger (Biographics). Datasets were previewed using NeuroExplorer (NexTechnologies) and subsequently analyzed using custom routines for MATLAB.
To investigate the effects of MCH on neural activity, the following experimental design was used. Fifteen minutes of spontaneous neural activity was collected from seven well isolated neurons in two freely moving animals with cannulae and microwire electrodes in the AcbSh. Then, rats (who were well handled) were lightly held while aCSF was infused, and 60 min of further neural data were collected. In separate recording sessions on separate days, spontaneous data were collected from six well isolated neurons in the same two animals. Then rats were lightly held while MCH was infused into the ventral striatum, and 60 min of further spontaneous data were collected. Finally, in a third record session on a separate day, spontaneous data were collected from six well isolated neurons in the same two animals. Then rats were lightly held while fluorescent muscimol was infused into the ventral striatum, and 60 min of further spontaneous data were collected (supplemental Fig. S4 , available at www.jneurosci. org as supplemental material).
For each well isolated neuron, postinfusion firing rates were normalized to mean preinfusion firing rates (in the 5 min immediately preceding drug infusion) and binned (60 s bins). Activity was then compared between neurons recorded in MCH and aCSF conditions.
Immunohistochemistry and histology. MCH immunostaining was performed as previously described (Georgescu et al., 2005) . Rabbit polyclonal anti-MCH antibody was used at 1:2000 (antibody courtesy of W. Vale, Salk Institute, La Jolla, CA). For cell filling and imaging experiments, slices were fixed overnight in 4% PFA (in 1ϫ PBS) at 4°C. Using a floating protocol, slices were rinsed three times in 1ϫ PBS for 15 min followed by 1 h of blocking in 0.3% Triton X-100 in 1ϫ PBSϩ 3% normal goat serum at room temperature. Slices were coincubated with anti-MCH antibody or serum (for no primary antibody control) overnight at 4°C with gentle agitation. Following primary antibody incubation, slices were rinsed three times for 15 min at room temperature and incubated in 1ϫ PBS plus Streptavidin conjugated to Alexa-594 (1:1500; Invitrogen) and goat anti-rabbit Alexa 488 (1:200) for 4 h at room temperature. After three 15 min rinses in 1ϫ PBS, slices were mounted and coverslipped using Vectashield Fluorescent Mounting Medium (Vector Laboratories) for twophoton microscope imaging.
For placement analysis for in vivo recordings, animals were killed for histology 40 min following infusions of FCM. Rats were anesthetized with 100 mg/kg sodium pentobarbital and then transcardially perfused with either 10% formalin or 4% paraformaldehyde. Brains were horizontally sectioned on a freezing microtome, mounted on frosted slides using Vectashield Fluorescent Mounting Medium. Electrode locations were visualized and translated to their placement in a coronal slice.
Statistical analyses. All biochemical data represent the ratio of phosphorylated protein signal to total protein signal and statistics were run following normalization to a defined control (aCSF, WT, SKF). ANOVA tests were calculated using SPSS, while Student's t tests were calculated using GraphPad Prism (GraphPad Software). Time course, dose-response, and BS 3 slice experiments were analyzed using one-way ANOVA with a Dunnett's post hoc test where appropriate. Multiple ANOVA tests were used for comparing treatment variables of the following: (1) aCSF, MCH, and MCHR1 antagonist for both 30 min BS 3 -and non-BS 3 -treated slices, (2) in vivo infusions of aCSF, MCH, and MCHR1 antagonist, (3) aCSF, MCH, and U73122 treatment, (4) aCSF, PTX, MCH, and SKF, and (5) electrophysiology data for current-evoked action potential firing and input resistance. All multiple ANOVA tests were followed by Tukey post hoc tests, with the exception of electrophysiology data, which used a Bonferroni post hoc test. An unpaired, two-tailed Student's t test was used to compare (1) phosphorylated GluR1 signal in WT animals versus MCH-KO or MCH-OE and (2) the effects of MCH treatment on GluR1 (Ser 831 ), DARPP-32, CREB, and MAPK phosphorylation. A Kolmogorov-Smirnov test was use to compare synaptic events for each cell before and after MCH treatment. A paired two-tailed t test was used to compare grouped data of mEPSC amplitude and frequency before and after MCH, and firing frequency for in vivo electrophysiology recordings. . G i/o signaling is known to oppose the downstream effects of G s -mediated activity and reduce the activation of PKA. Consistent with reduced PKA activity, a reduction in phosphorylation was seen on multiple PKA substrates, including a basal reduction in GluR1 phosphorylation at serine 845 (henceforth referred to as GluR1 pSer 845 ). While we have previously reported a reduction in dopamine D1 receptor (D1R)-mediated GluR1 pSer 845 by MCH (Georgescu et al., 2005) , we found MCH treatment alone is sufficient to reduce GluR1 pSer 845 (Fig. 1 A) (F (3,144) ϭ 13.316, p Ͻ 0.0001) in a time-dependent fashion (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material) (F (4,113) ϭ 10.632, p Ͻ 0.01), with no effect on total GluR1 protein levels (see supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material). To confirm specificity, slices were coincubated with MCH and an MCHR1 peptide antagonist which blocked the effects of MCH on Ser 845 phosphorylation (Fig. 1A) . The observed changes are specific to the PKA site, since phosphorylation at GluR1 Ser 831 , a protein kinase C (PKC)/calcium/calmodulin-dependent protein kinase II (CaMKII) target, was unaffected (Fig. 1B) . In addition, DARPP-32 phosphorylation at the Thr 34 PKA site was reduced after MCH treatment (Fig. 1C To determine the role of G i/o activity on MCHR1 signaling, rats were unilaterally infused with the G i/o inhibitor PTX (1.5 g/0.5 l) or vehicle (PBS) on alternate sides of the AcbSh. One day after surgery, brains were removed and slices prepared for pharmacological treatment. At the dose used, PTX alone produced no significant change in GluR1 pSer 845 levels, while D1R agonist SKF 81297 caused increases on both sides (Fig.  2 A) (F (1,100) ϭ 173.94, p Ͻ 0.0001). Although MCH caused reductions in both basal and D1R-mediated phosphorylation on the control side (F (1,100) ϭ 13.673, p Ͻ 0.0001), this effect was blocked by treatment of PTX (F (1,100) ϭ 3.927, p Ͻ 0.05). These data indicate that the effect of MCH on GluR1 Ser 845 in the AcbSh is mediated by a PTX-sensitive G i/o mechanism.
Results

MCHR1 couples to G i
Studies in cell culture systems suggest that MCHR1 activation can lead to G q -coupled effects (Hawes et al., 2000; Pissios et al., 2003) . G q mediates the activation of PLC, an upstream activator of PKC. To assess a requirement of PKC signaling on phospho-GluR1 Ser 845 , AcbSh slices were incubated with the PLC inhibitor U73122 (15 M) for 15 min followed by coincubation with MCH. Inhibition of PLC failed to attenuate or alter the MCH-mediated reduction in GluR1 pSer 845 ( Fig. 2B) (F (1,16) ϭ 21.131, p Ͻ 0.0001), suggesting that this occurs independent of PLC or PKC activity. A previous study in striatal slices demonstrated that the phosphatase calcineurin (PP2B) specifically dephosphorylates GluR1 Ser 845 , and requires an influx of extracellular calcium (Snyder et al., 2003) . Consistent with these data, incubation of AcbSh slices with the calcium chelator EGTA caused a significant increase in phosphorylation at GluR1 Ser 845 (F (1,20) ϭ 9.331, p Ͻ 0.006) (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). However, MCH reduced Ser 845 phosphorylation by the same magnitude (F (1,20) ϭ 12.12, p Ͻ 0.002), indicating that a Ca 2ϩ -PP2B pathway is not activated by MCH. These data support a G i/o -, but not G q -or calcium-dependent mechanism for MCHR1-mediated reduction of phospho-GluR1 Ser 845 in the AcbSh.
Effects of MCH in vivo on AMPAR subunit GluR1 phosphorylation in the AcbSh
To confirm the signaling changes in the intact brain, we infused MCH or MCHR1 antagonist directly into the AcbSh of cannulated rats. Consistent with our observation in AcbSh brain slices, MCH infusion significantly reduced basal GluR1 pSer 845 compared to vehicle-(artificial CSF, aCSF) and antagonist-treated rats (Fig.  3A ) (F (2,33) ϭ 10.036, p Ͻ 0.0001). As in AcbSh slices, antagonist treatment alone was not sufficient to produce significant increases in phosphorylation of GluR1 pSer 845 (Fig. 3B) . The pharmacological studies were complemented by analysis of GluR1 pSer 845 in genetic models of altered MCH levels. MCH-OE (Shimada et al., 1998) animals have increased food intake and body weight, while MCH-KO (Ludwig et al., 2001) mice are lean and eat less food. MCH-OE animals showed reduced basal GluR1 pSer 845 ( Fig. 3C) (t (1,21) ϭ 3.022, p Ͻ 0.01), whereas MCH-KO mice showed increased GluR1 pSer 845 ( Fig. 3D) (t (1,15) ϭ 2.527, p Ͻ 0.05). The observed changes were found to be specific to phosphorylation of GluR1, as no differences were seen in total GluR1 levels (supplemental Fig. S2 B, C, available at www.jneurosci.org as supplemental material). Detection of these predicted changes in vivo, as well as in genetic models, confirms the persistence and consistency of the biochemical findings.
MCH reduces cell surface GluR1 expression and mEPSC amplitude
The AcbSh is a key feeding center that integrates neural signals from many brain regions (Kelley, 2004) . Given its effects on GluR1 phosphorylation in the AcbSh, MCHR1 signaling would likely modulate the influence of excitatory, glutamatergic inputs. PKA activity and phosphorylation of Ser 845 on GluR1 subunit is known to enhance AMPA receptor (AMPAR) cell-surface expression and influence synaptic plasticity in many brain regions, including the nucleus accumbens, prefrontal cortex, and hippocampus (Greengard et al., 1991; Wang et al., 1991; Keller et al., 1992; Blackstone et al., 1994; Rosenmund et al., 1994; Takahashi et al., 2003; Sun et al., 2005; Oh et al., 2006) . In contrast, reduced phosphorylation at Ser 845 reduces surface expression and functionality of GluR1-containing AMPARs (Banke et al., 2000; Man et al., 2007) . Consistent with reduced Ser 845 phosphorylation of GluR1, MCH treatment caused a significant reduction in surface levels of GluR1 relative to intracellular GluR1 (Fig. 4 A) (F (1,26) ϭ 9.099, p Ͻ 0.006). Notably, the magnitude of this reduction is comparable to the reduction of phosphorylation seen on Ser 845 . The surface reduction was specific to GluR1-containing AMPAR, as no significant change was seen with GluR2-containing AMPARs, NR1-containing NMDARs, and TrkB, an unrelated growth factor receptor (data not shown). MCHR1 antagonist blocked the effects of MCH on the surface expression of GluR1 (Fig. 4 A) .
MCH-mediated reduction in surface (functional) GluR1-containing AMPARs would be expected to reduce mEPSCs, a measure of synaptic AMPAR activity. To explore this possibility, whole-cell patch-clamp recordings were made in the voltageclamp configuration on medium spiny neurons (MSNs) of the AcbSh. Consistent with the observed biochemical effects of MCH, a significant reduction in mEPSC amplitude was observed upon MCH application in most MSNs (Fig. 4 , compare C to B; data summarized in D) (t (1,114) ϭ 6.799, p Ͻ 0.0001). No significant change in mEPSC frequency was observed, suggesting that the observed effects are postsynaptic (Fig. 4 E) . Perfusion of slices with 1 M CNQX completely blocked mEPSCs, confirming that these events are AMPAR mediated (data not shown). These data demonstrate a neuropeptide-mediated reduction in basal surface levels of GluR1-containing AMPARs, and suggest one mechanism by which MCH could modulate excitability of the MSNs.
MCH modulates MSN excitability through increased K
؉ channel rectification While modulation of AMPA receptors can reduce synaptic excitability, other GPCR-mediated mechanisms can reduce the propensity of neurons to fire action potentials. To evaluate whether MCH can modulate the passive membrane properties of MSNs, positive current steps were applied in current-clamp mode before and during MCH treatment. The frequency of evoked action potentials in MSNs increased in a current-dependent fashion (Fig. 5 A, B) (F (4,16) ϭ 41.67, p Ͻ 0.001). MCH application reduced the frequency of action potentials (F (1,4) ϭ 21.147, p Ͻ 0.01) at all current steps within the first few minutes of MCH bath application, indicating a role for MCH in suppressing the excitability of these neurons. Furthermore, MCH significantly decreased input resistance, resulting in a flattened I/V curve (Fig.  5C,D) (F (1,4) ϭ 27.68, p Ͻ 0.006). The observed reversal potential (E rev ) was near Ϫ90 mV, consistent with E rev of K ϩ . In nonneuronal expression systems and neuronal cell culture experiments, MCH has been shown to activate inhibitory K ϩ currents (for review, see Gao, 2009 ). Moreover, membrane excitability in MSNs is known to be mediated in large part by K ϩ channels (Dong et al., 2006) . To better characterize this response, a ramping protocol was used to determine voltage-dependent changes in K ϩ currents. A majority of MSNs (17 of 22) responded to MCH with increased rectification beyond the reversal potential of K ϩ , an effect that was blocked by 100 M barium (Fig. 5 E, F ) . Consistent with the current-clamp data, mean reversal potential (E rev ) for MCH-responsive cells was 90.66 Ϯ 1.68, the E rev of K ϩ under these experimental conditions. This increased rectification was not blocked by TTX, indicating the effect of MCH on K ϩ currents is cell autonomous (data not shown). Together, these data indicate that MCH reduces action potential firing of MSNs through modulation of K ϩ conductance.
During recordings, neurons were filled with Neurobiotin and slices were processed for MCH immunostaining to visualize MCH axons originating from the hypothalamus. Using laser scanning twophoton imaging, MCH-positive varicosities were found in close proximity (Ͻ1 m) to soma, dendritic branches, and dendritic spines, suggesting that MCH axons are well positioned to influence MSN function (Fig. 6 ).
MCH reduces cell firing in AcbSh in vivo
The current data demonstrate that MCH modulates biochemical measures of neuronal activity in AcbSh slices and in vivo and influences synaptic and cellular excitability of MSNs. To evaluate the effects of MCH on neuronal activity in awake, freely moving animals, neuronal data were collected during direct infusions of aCSF and MCH with microwire recording electrodes implanted in the AcbSh. We found that MCH significantly decreased neuronal activity for 30 min after infusion compared to aCSF (Fig. 7) (t (1,11) ϭ 3.63, p Ͻ 0.0041). No significant difference was observed 40 min after infusions (t (1,11) ϭ 1.23, p Ͻ 0.24). These data are consistent with the recordings in AcbSh slice preparations, and suggest that MCH decreases activity of neurons in vivo. At the conclusion of these experiments, FCM, a GABA A receptor agonist that inactivates neurons and can be readily visualized (Narayanan et al., 2006; Allen et al., 2008) , was infused into cannulae while neuronal data were collected. The reduction in firing caused by this independent compound confirmed that local drug infusions can affect nearby neurons (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
Discussion
A number of brain regions have been studied for their role in food intake, and there is a need to understand how they integrate to drive this behavior. The present data establish that MCH acts via its receptor to influence the activity of AcbSh MSNs. Specifically, MCHR1 acts via G i/o coupling to influence PKA-sensitive phosphoproteins in MSNs. Analysis of neuronal activity revealed two downstream processes by which MCH reduces the excitability of MSNs in the AcbSh: a reduction mEPSC amplitude and a decrease in action potential firing as mediated by increased membrane K ϩ conductance. These signaling mechanisms reduce neuronal excitability, a result confirmed in vivo. Together these data describe biochemical and cellular mechanisms mediating the interface between the hypothalamus and mesolimbic system and support an cellular excitability hypothesis of AcbShmediated food intake behavior (Kelley, 2004) .
The observed effects of MCH on GluR1 levels and mEPSCs are consistent with functions seen in many brain regions. A reduction in GluR1 pSer 845 is associated with reduced surface receptor levels and conductance of GluR1-containing AMPARs (Banke et al., 2000; Lee et al., 2000; Man et al., 2007) . Moreover, patchclamp recordings in the nucleus accumbens show that reduced surface expression and AMPAR activity occur in response to lowfrequency stimulation-induced long-term depression (Thomas et al., 2001; Brebner et al., 2005) . Recent studies suggest that GluR1 pSer 845 prevents lysosomal degradation of GluR1 (Kessels et al., 2009) , although no total protein differences were observed in the present experiments.
MSNs in the basal ganglia express a wide array of voltagegated and "leak" K ϩ channels critical for membrane homeostasis (Mermelstein et al., 1998; Baranauskas et al., 1999; Hernández-Pineda et al., 1999) . Studies in striatum and nucleus accumbens demonstrate that these channels are responsible for the hyperpolarized resting potential and high firing threshold of MSNs (Nisenbaum et al., 1994 (Nisenbaum et al., , 1996 Nisenbaum and Wilson, 1995; Gabel and Nisenbaum, 1998; Belleau and Warren, 2000; Shen et al., 2004) . Moreover, several G-protein-gated K ϩ channels (GIRKs) are expressed in the nucleus accumbens, and are known to be regulated through G q and G i/o activity (Kurachi and Ishii, 2004) . Specifically, both G q ␣ and G i ␤␥ proteins are known to modulate GIRKs directly-the former inhibit and the latter activate these channels (Lei et al., 2003) . The current data demonstrate a robust MCH-mediated increase in basal K ϩ conductance and reduced action potential firing, which is consistent with G i/o coupling in the AcbSh.
Given the high expression of MCHR1 in the AcbSh, a major target of the mesolimbic dopamine system, a number of studies have focused on MCH-dopamine interactions. Biochemical, amperometric, and behavioral studies in the nucleus accumbens of MCH-and MCHR1-knock-out mice show that the absence of MCH-mediated signaling allows for increased dopamine release and increased dopamine receptor levels (Smith et al., 2005; Tyhon et al., 2006; Pissios et al., 2008; Tyhon et al., 2008) . These data explain enhanced behavioral and biochemical responses to drugs of abuse in the absence of MCH signaling, although one study contrasts with these findings and the data presented here (Chung et al., 2009 ). Chung et al. (2009) show that MCH can synergize with dopamine signaling to promote enhanced responses to drugs of abuse and increases in action potential firing in MSNs of the AcbSh. Unlike in the present work, basal or dopamine-agonist-independent changes in action potential firing were not reported and signaling mechanisms were not explored. Moreover, as discussed below, inhibition of MSN activity by MCH is consistent with pharmacological and cellular data connecting AcbSh inhibition with food intake. Since most studies find that MCH or MCHR1 mutant animals display reduced feeding or body weight gain, yet increased responses to psychostimulants, a distinction emerges between behavioral responses to food versus drugs of abuse. MCH-dopamine interactions likely underlie these behavioral effects, and the current data suggest a direct mechanism by which MCH could modulate feeding, and possibly responses to drugs of abuse, via changes in excitability of MSNs.
The striatum/nucleus accumbens is composed 90 -95% MSNs, which are mainly characterized as D1R-or D2R-expressing neurons (Chang et al., 1982; Chang and Kitai, 1985) . We have reported that MCHR1 message is found in both D1R-(Dyn) and D2R-(Enk) expressing neurons in the AcbSh (Georgescu et al., 2005) , suggesting that MCHR1 signaling would occur in all MSNs. Moreover, in our in vivo recording experiment, all recorded neurons were inhibited by MCH, consistent with the inhibitory response seen in many cells in our slice studies. However, this does not mean that both types of neurons are inhibited in vivo, and additional studies with reporter mice are needed to Paxinos and Watson (1982) . B, Interspikeinterval histograms and waveforms from a single unit in aCSF infusion sessions (left) and the same neuron in MCH infusion sessions (right). C, Raster plot representing firing rate for a single unit (top) during aCSF and MCH treatment sessions. Gray box represents time of infusion. Below is the average neuronal activity for MCH sessions (n ϭ 7 neurons) and aCSF (n ϭ 8 neurons). *p Ͻ 0.01. evaluate direct MCH inhibition of both D1R-and D2R-expressing neurons.
Physiological evidence suggests that reduced nucleus accumbens activity is important for motivated behaviors for "natural" rewards. Experiments looking at responses to reinforcers such as sucrose, food, or water have demonstrated a prominent reduction in cell firing in a majority of nucleus accumbens neurons during both learned and spontaneous motivated behavior for sucrose (Nicola et al., 2004; Taha and Fields, 2006) . Cellular inhibition of nucleus accumbens neurons is also important for the reinforcing effects of brain stimulation reward, also a motivated behavior (Cheer et al., 2005) . Reductions in neuronal excitability were also found during self-administration paradigms for drugs of abuse (Chang et al., 1994; Peoples et al., 2007; Carlezon and Thomas, 2009) , and manipulations that reduce MSN excitability in the AcbSh increase the locomotor responses to cocaine (Dong et al., 2006) . A recent study demonstrates that high conductance AMPARs (GluR2-lacking AMPARs) are upregulated in response to drug withdrawal, or "craving" (Conrad et al., 2008) . Much work has been dedicated to connecting the mechanisms of "natural" reward to the reinforcing effects of drugs of abuse, and changes in MSN neuronal excitability in the AcbSh appear to be associated with both.
The ability of MCH to reduce MSN excitability in the AcbSh implicates this hypothalamic neuropeptide in a general model of nucleus accumbens-mediated feeding behavior. Previous studies have demonstrated that AcbSh infusions of AMPAR antagonists or GABA A receptor agonists, both of which reduce neuronal activity, lead to robust increases in baseline feeding behavior (Maldonado-Irizarry et al., 1995; Stratford and Kelley, 1997; Stratford et al., 1998) . In contrast, AMPA infusion reduces consumption of food in deprived animals (Maldonado-Irizarry et al., 1995; Stratford et al., 1998) . In light of these studies, the present data suggest that MCH stimulates feeding through a reduction in overall excitability of the AcbSh.
Considering the role of the LH as an integrator of metabolic signals and the function of the AcbSh in controlling motivational or incentive-related aspects of food seeking, it is not surprising that the LH should influence the activity of the AcbSh. MCH serves as a molecular candidate for mediating this circuit. There is evidence that MCH cells respond to metabolic signals within the hypothalamus: behavioral manipulations such as food restriction and deprivation that decrease hypothalamic leptin signaling cause increases in MCH mRNA expression ) and specific activation of pathways in MCH neurons (Georgescu et al., 2005) . In contrast, leptin administration directly into the brain promotes a decrease in MCH mRNA expression . Increased activity of MCH neurons may increase peptide release in the AcbSh, where glutamatergic inputs converge from many brain areas, including cortical regions (Mogenson et al., 1980) . Through activation of MCHR1, the influence of cortical excitatory inputs would be blunted due to reduced AMPAR activity, and action potential firing of MSNs would decrease through GIRK channel activation. We propose that MCH mediates the convergence of metabolic and cortical signals in the AcbSh in this manner. Interestingly, the effects of changes in MSN excitability are likely to influence food intake through a neural connection back to the LH. The AcbShmediated feeding effects of AMPAR antagonists and GABA receptor agonists require LH activation (Stratford and Kelley, 1999) . In this context, MCH could thus modulate the output of the AcbSh via direct mechanisms studied here, as well as indirectly via an LH-AcbSh-LH circuit that influences orexin neuron activity (Zheng et al., 2003) . Other targets of MSN projection neurons would also be relieved of inhibition, including the medial ventral pallidum and the ventral tegmental area (Kelley, 2004) .
In sum, data presented here suggest a model where previously demonstrated MCH-mediated effects on consummatory behaviors occur through reduction in MSN excitability in the AcbSh. This work provides a mechanism for this behavioral effect, and describes how an endogenous hypothalamic-limbic neuromodulatory system can influence feeding behavior.
